Abstract. When a large aperture is used to collect light propagated through the atmosphere, it performs an average operation on the irradiance fluctuations, resulting in collected-power fluctuations that are not as large as those that could be obtained from a point receiver. We present an expression for the aperture-averaging factor of optical scintillation using multiaperture architectures on the receiver configuration. That expression is used to assess the decrease in the total collected power fluctuations for several multiaperture receiver configurations. © 1996 Society of Photo-Optical Instrumentation Engineers.
Introduction
One of the effects of atmospheric turbulence on propagating electromagnetic waves is intensity scintillation. In atmospheric optical communication systems, this translates into fluctuations of the power collected by the receiving aperture, which impairs the system performance. It is a well-known phenomenon that the collected-power fluctuations decrease when the collecting aperture size increases, and a great deal of work has been devoted to the quantitative assessment of this so-called aperture-averaging effect. [1] [2] [3] All the later work is based on the formulation proposed by Tatarskii 1 and corrected by Fried, 2 which describes the aperture-averaging effect in terms of an averaging factor defined as the ratio between the normalized variance of collected-power fluctuations and the normalized variance of intensity. The averaging factor depends on the aperture form and size, and on the intensity spatial covariance function; its form shows clearly that its value must decrease when the aperture size increases, the specific value depending on the form of the intensity spatial covariance function.
While the averaging factor, thus the collected-power fluctuations, can be indefinitely reduced by increasing the collecting aperture size, this might turn out to be expensive, since the price of a receiving telescope increases more than proportionally to its aperture size. One can envisage obtaining the spatial diversity implied by a large aperture by employing instead several smaller apertures. If an effective method of conveying the collected power to the optical detector can be devised-or if the outputs of individual detectors on each of the apertures are electronically combined [4] [5] [6] [7] -the apertures can be set at large distances from each other to obtain an enhanced averaging effect through the decorrelation of the intensity fluctuations on the wavefront portions arriving at the different apertures.
This paper deals with the decrease of the total collectedpower fluctuation in a multiaperture receiving optical terminal. To this end, we present a generalization of the Fried formula for the averaging factor to a multiaperture receiver.
If the intensity spatial covariance function is known, the averaging factor of the multiaperture collecting system can be readily computed. Examples assuming the intensity covariance function for weak turbulence are presented. However, the expression giving the averaging factor can be used for any turbulence regime if the intensity spatial covariance function is known. It can thus be applied to the power fluctuation assessment of systems such as multiaperture astronomical instruments, optical ground stations aimed at checking the operation of optical payloads of intersatellite optical links, 8, 9 and terrestrial terminals working in saturated scintillation scenarios.
Received Signal Fluctuations
We assume that the basic configuration of the optical receiving system consists of N identical apertures which we characterize from the point of view of the collected power, by an intensity pupil 10 W(r). By terming r i the position vector of the i'th aperture center ͑Figure 1͒, the instantaneous collected power by the aperture system can be written as
where I() is the wave intensity. Through the variables change R i ϭϪr i , Eq. ͑1͒ can be rewritten as
Under the assumption of identical subapertures, Eq. ͑3͒ simplifies to
from which the average power ͗P͘ can be written as
͑4͒
The variance of the collected power is defined as
2 , which can be written, using Eqs. ͑3͒ and ͑4͒, and writing the products of integrals as double integrals, as
where it can be recognized in the integrand the definition of the spatial covariance function of intensity C I (Rϩr i ,
by making the change of variables ϭRϪRЈ, Eq. ͑5͒ is rewritten as
͑6͒
where spatial invariance of the function C I (,Ј) has been assumed. By setting
and carrying out the integration with respect to R in Eq. ͑6͒, the variance of power fluctuations is written as
where
is the spatial covariance function of the power collected by an aperture. Now, using the definition for the apertureaveraging factor G, that considers the reduction of collected-power fluctuations with respect to intensity fluctuations due to the partial decorrelation of the latter over the collecting aperture surface,
and taking into account that, for a system of N identical apertures, the total average collected power is
the averaging factor can be expressed in a very compact form as
can be used to compute the averaging factor of a multiaperture system for any number N of identical subapertures with given relative positions once the spatial covariance function of intensity fluctuations is known. In the following section, we consider a set of calculations as application examples of all previous considerations.
Calculations
As an example of application of the previous result ͓Eq. ͑12͔͒, let us consider several simple configurations for the collector system enabling us to analyze the evolution of the averaging effect versus some significant parameters. We use the intensity normalized covariance function computed under the hypothesis I 2 Ӷ1, which makes the intensity covariance proportional to the log-amplitude covariance. The latter can, in turn, be computed using the Rytov approximation. Figure 2 shows the intensity normalized covariance function versus normalized spatial separation and the corresponding collected power covariance ͓Eq. ͑9͔͒ for different aperture diameters. Note, however, that the expression giving the averaging factor for a multiaperture collecting system can be used for any turbulence regime as far as the spatial covariance function of the intensity fluctuations is known. Figure 3 shows the averaging factor versus the number of subapertures, assuming the subapertures are arranged in a row, for several separations l between consecutive subapertures, along with the limiting case of infinite separation ͑1/N dependence͒. In this way, it is possible to study the total number of subaperture effects. Figure 4 gives the averaging factor versus distance between two subapertures. As a final example, Figure 5 shows the averaging factor for square geometry arrays of 2ϫ2 subapertures versus distance between subapertures.
The results of our calculations enable us to draw some preliminary conclusions. First, an increase of the number of subapertures N makes the averaging of collected power fluctuations more effective ͑see Figure 3͒ . Second, we can observe that an increase of the elementary lattice side cause an increase of the averaging effect as a consequence of the greater decorrelation between the collected power for each aperture. Moreover, when the elementary lattice side is larger than the intensity correlation length ͑in our examples, ͱL͒, a further increase of its size does not cause any decrease of the averaging factor, which tends to a constant equal to the averaging factor for a single subaperture divided by the number of subapertures in the array ͑com-pare Figure 3 with N ϭ 1 with the tails in Figures 4 and 5͒.
Conclusions
We have developed a generalized expression for the averaging factor of a multiaperture receiver system that enables us to predict the impact of turbulence in the total collected power fluctuations. This expression was used to assess the decrease in the total collected power fluctuations for several multiaperture receiver configurations in a weak-turbulence atmospheric optical propagation. However, the expression giving the averaging factor for a multiaperture collecting system can be used for any turbulence regime if the spatial covariance function of the intensity fluctuations is known. With this generalized formalism, we considered several simple configurations for the collector system that help us to understand the performance of the receiver system when it consists of more than one aperture.
